This paper details the development and curricular impact of Virginia Tech's new course on "Flight Test Techniques." By using the motion based flight simulator at Virginia Tech, students enjoy a semester-long flight testing experience that gives the realism of flight testing, without the costs, risks, and delays of actual aircraft. The first offering of this course, in the Spring of 2006, has shown high potential as a capstone course in the aerospace engineering curriculum assimilating material from dynamics and control courses with hands-on, real-world application.
I. Introduction
In the Spring of 2006, Virginia Tech's Department of Aerospace and Ocean Engineering offered for the first time a course titled 'Flight Test Techniques, AOE 4984'. The course is designed to expose senior level undergraduates to industry and government accepted methods used in flight testing aircraft by introducing real world problems into the department's curriculum in a controlled environment. It also serves as a capstone course where concepts previously taught in several classes are integrated to give students an overarching view of aircraft operation. In order to facilitate a learning environment and mitigate safety issues associated with using real aircraft, two modern high performance aircraft models in the Virginia Tech Flight Simulation Laboratory are used instead of test aircraft. This allows for accomplishment of targeted learning objectives. It also gives students the ability and opportunity to serve in all of the various roles required to flight test an aircraft, from test pilot, to test conductor, to discipline engineer.
The course is based on the principal that hands-on application of concepts learned in an academic setting is key to deep understanding. Due to safety issues, the cost of owning and operating aircraft and liability concerns, application of aerospace concepts learned in a classroom is often delayed until students arrive in industry. In industry employees are expected to perform their tasks without time to revisit concepts learned in school. This course offers students a means to apply lessons learned in a conventional classroom so that when students arrive in the workplace they already have the requisite experience in applying their academic skills to real-world problems.
The goals of the course are threefold, namely to reinforce concepts taught in aircraft performance and stability and control classes, expose students to flight testing by reproducing the flight test environment in a classroom setting, and teach students flight test techniques based on currently used manuals in government evaluation of aircraft to prepare them for careers on flight test teams. The team teaching and supporting this course has unique credentials to enable this effort branching the fields of flight test engineering, test piloting, and engineering education. 
IADS
R is a real-time data viewing tool that allows its user to view parameters from the aircraft simulation while the test is occurring. IADS R is an industry standard tool that is used in Flight Test by NASA, the US Air Force, and US Navy for flight testing. IADS R also archives the data it displays for analysis purposes after the test. IADS R allows the user to customize the data displayed on the computer screen allowing the user to create data screens that are tailored to each test's requirements. IADS R has served as an important teaching tool allowing the students to visualize data during the flight test and recognize the impact of changing a given parameter on the aircraft during a test. An example of IADS R displays used in this course can be found in Figure 2 . 
III. Course Goals and Objectives
The goals of the course are threefold: namely to reinforce concepts taught in aircraft performance and stability and control classes, expose students to flight testing by reproducing the flight test environment in a classroom setting, and teach students flight test techniques based on currently used manuals in government evaluation of aircraft to prepare them for careers on flight test teams. Specific course objectives are as follows.
By the end of the course, the student will be able to:
1. Apply concepts taught in aircraft performance and stability and control classes.
2. Explain why different aircraft feature different handling characteristics.
3. Describe, based upon hands-on experience, the connection between aircraft flight theory and aircraft flight.
4. List key factors used to define aircraft performance and stability and control.
5. Apply theory from classrooms into a 'big picture' aircraft perspective, or from a systems perspective.
6. Describe standard flight test processes and procedures for safety.
7. Outline a procedure for gathering results from stated requirements.
8. Identify challenges unique to the roll of test pilot based upon personal experience in the simulator cockpit.
9. Identify challenges unique to the position of test conductor, running a flight test as an engineer.
10. Interpret gathered flight test data, and present that data in a standard, technical form.
11. Explain flight test techniques based on currently used manuals in government evaluation of aircraft.
12. Classify both qualitative and quantitative aircraft characteristics in terms of MIL-F-8785C
13. Calculate level performance data based on student-collected 'flight' data as described in the US Navy Performance Manual. 14. Calculate excess power performance data based on student-collected 'flight' data as described in the US Navy Performance Manual.
15. Calculate sawtooth climb performance data based on student-collected 'flight' data as described in the US Navy Performance Manual.
16. Calculate climb schedules based on student-collected 'flight' data as described in the US Navy Performance Manual.
17. Evaluate longitudinal flying qualities based on student-collected 'flight' data as described in the US Navy Stability and Control Manual. 18. Evaluate lateral-directional flying qualities based on student-collected 'flight' data as described in the US Navy Stability and Control Manual.
19. Design a flight test synthesizing results from prior flight tests.
20. Identify potential safety hazards for a flight test.
21. Classify the risk inherent to a flight test.
22. Evaluate options/opportunities to mitigate risks.
23. Justify choice of acceptability of risk.
These objectives were developed to address the six levels of Bloom's taxonomy in the cognitive domain; knowledge, comprehension, application, analysis, synthesis, and evaluation. 4, 5 An emphasis is placed upon the higher level objectives of analysis, synthesis, and evaluation as they are oft neglected in undergraduate education yet are an important component in developing students and future engineers. 6, 7 Due to the laboratory nature of the course, performance objectives consider both procedural (e.g. describe standard flight test processes and procedures for safety) and product outcomes (e.g. design a flight test synthesizing results from prior flight tests).
8 Through tasks such as developing procedural knowledge, laboratory skills (including, but in no way limited to, the act of piloting the simulator), and writing laboratory reports, students are able to develop their skill set in the cognitive, psychomotor, and affective domains.
IV. Teaching and Student Participation
Flight testing relies on multiple individuals with various talents working together as a team to be successful. Understanding each role and how it relates to the team is crucial to effective team performance. The Flight Test Techniques course reinforces this concept by grouping students into flight test teams of five students. Each test team must prepare, execute, and report on the test as a team. Further, each student is given an opportunity to fill various roles on the team. By rotating team positions the student can find areas of strength and areas of needed improvement in their skill set. Allowing students to experience each team position also gives a sense of appreciation for each team positions' responsibilities. When students complete this course, they have a basic understanding of the nature of each position in a flight test team and a good idea of where they would best fit into a flight test team when they enter the workforce.
A unique aspect of the Flight Test Techniques course is that it accommodates a variety of learning styles. According to Fleming and Mills 9 students address the learning of information in one of four ways; Visual, Aural, Read/Write, and Kinesthetic. The Flight Test Techniques course presents its topics to the students in all four ways, maximizing the chance that a student has to learn the material. Each topic is presented in a classroom lecture and pre-flight briefing where the theory and technical background for the test is presented, representing the aural learning style. Students are given text and reference information regarding the topic, aiding in their preparation for the flight test, and addressing the read/write learning style. During the test data is displayed in a visual format that the students must watch, and judge as to its quality, allowing the exercising of the visual learning style. The test also allows the students to see first hand how their actions to the aircraft impact the results of the test, giving them an experiential learning environment, accommodating a kinesthetic learning style. Finally, a report is written at the end of the test allowing the students to demonstrate their understanding of the material presented, further reinforcing the read/write learning style.
To appeal to and retain students from diverse backgrounds, this course aims to serve all psychological and learning types. Typical engineering curricula teach toward intuitive students with the majority of faculty falling into the Myers-Briggs category of intuitors.
10 However, most engineering students are sensors.
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Thus Wankat and Oreovicz 5 suggest designing courses to appeal to sensors and serial learners with global summaries presented at the end of each class thus serving both learning styles. By designing the course to serve both learning types, requiring both recall of prior information and open hypothesis, stressing both how to evaluate data and the possibilities that arise from the data, and requiring team-work in the completion of flight tests and reports, diversity in the attraction of students with varied learning approaches and backgrounds is fostered.
A. Classroom and Text
Each section of the course begins with a specific, complicated, real-world problem to solve. The in-class portions serve to supplement the student's knowledge by addressing procedures and overarching principles required for the flight test.
11 At the start of each laboratory, students are presented with a final task which must be accomplished, such as quantifying aircraft climb performance. They must then use knowledge from prior classes to determine the data required for the flight test.
Lectures are presented to address student questions and to assist with the general formulation of the presented problem. Specifically, the classroom portion of this course was used to revisit students' prior coursework on aircraft performance, equations of motion, basic stability and trim analysis, and energy management, Additionally, flight testing procedures were introduced. After discussing the theory behind the test, a pre-flight briefing for each test was done in class. This pre-flight briefing included the test cards to be used (sample page of test cards given in Figure 3 , reporting objectives, safety requirements, and any special procedures required for the test. The exception to this pattern is Laboratory 5, detailed in Section V.E, where students must develop their own test cards and present a flight safety board (FSB) briefing.
The primary text used in this course consisted of two manuals used at the U. 
B. Lab
After classroom instruction, students proceed to the simulator to conduct the flight test, and reduce the data for their team-generated topical report. The students' time spent in the Flight Simulation Laboratory was split into two defined periods. The first period was listed as practice sessions for each flight test group. Each group was given a total of 3 hours a week that they were allowed to use the simulator for anything they wished, from basic aircraft familiarization, to night carrier landings, to rehearsing the next flight test. This time was not required for class participation, but was made available to the students so that they could get the most exposure possible to the flight simulator. The second period was during the official course time, and was when their actual flight test was performed. During this time each team reported to the flight simulation lab for their assigned test. This time was highly structured, and student participation was required. While roll was not taken during this time, each test was designed to require a full test team. In order for the data to be taken for a given test report a full team was required, and students learned quickly to work together to ensure all were present and engaged during testing.
C. Flight Testing Positions
Specific responsibilities were assigned to different stations during the flight test. The flight test tasks were broken down by position as described in Figure 4 . While not required to do so, students were encouraged to rotate positions so that they could experience all aspects of flight testing during the semester. 
Test Pilot
This position requires great skill in piloting the aircraft. The test pilot must be capable of doing much more than just flying the aircraft. He must be capable of flying the precise maneuvers required by the flight test cards to generate the necessary data for the test. At the beginning of the semester, the instructor would demonstrate the first half of the test, and then help the student pilot through the maneuvers during the second half of the test. As the semester progressed and student proficiency improved, the students assumed the full role of test pilot enabling them to fly entire test missions. It should be noted that several students in the course had experience as private pilots, and quickly learned this position. Interestingly enough however, other students in the class had considerable video game flight simulator experience, and also quickly learned this position.
Flight Test Engineer (FTE)
For this course the position of Flight Test Engineer was defined as the person in the right seat of the cockpit. While sitting in this position, the FTE would have access to data displays that could not be shown to the pilot. The FTE would work with the pilot to ensure the test criteria were being met by reading off instrumentation and augmenting the pilot's information during the test. The FTE also served as a second set of eyes and ears in the cockpit during the test, and would comment on pilot workload and any anomalies during the test.
Test Conductor
The test conductor was positioned at the operation console for the simulation. The test conductor was responsible for the overall test, and would direct the test from the test cards. He would also mark the time the events occurred during the test, so that during data playback in post-test analysis the proper timeline for data analysis could be identified.
Discipline Engineer
While for this course specific discipline engineers are not identified, students monitoring the test data were referred to as discipline engineers. They took data to fill out test cards, monitored parameters during the test, and commented on the test margins to ensure the aircraft remained within desired parameters.
V. Detailed Course Description
The Flight Test Techniques class met twice weekly for 75 minute sessions. This time was split into a two week rotation, where the first week was spent in classroom instruction and the second week was spent in simulation testing. Two optional laboratory times of one hour and fifteen minutes each were established for each test team to work with the simulator as they desired. The twenty student class was divided into four test teams of five students each. The student's grades were based solely on flight test reports that were due one week after a test was performed. The first report was used to gauge each individual student's report writing capabilities. All subsequent reports were submitted as a group effort thus requiring the students work together as a flight test team. Students were given a basic reporting format to follow, and were asked to provide percentage of work by each team member on the report.
A. Lab 1: Facility Familiarization
The first lab of the semester was designed to familiarize the students with the simulator and the facilities in the simulation lab. Students are also introduced to atmospheric effects during testing, and required to calculate equivalent, calibrated, and true airspeeds, as well as mach number for different flight conditions. The students are also introduced to basic parameter identification maneuvers. This lab also introduces the students to the different roles played during a flight test and the proper radio calls and checks required for a test. After the test the students are required to use the data archiving tools for the first time to ensure they can use them properly. The students are given an atmosphere model that is derived from the simulation model, and are required to use this model to ensure they have this tool properly working for the rest of the semester.
The test began with a preflight checks. These included a communications (com) check with the cockpit as well as the control console and data room. Surface movements were checked with pilot commands, as well as an engine run up test from IDLE to FULL MIL to FULL AB. A final go/no go check was made with the flight test team, followed by a check of flap position, gear position, and clearance for a take off roll.
Performance was specified for takeoff and climb out with the pilot controlling airspeed with pitch angle. The aircraft is then trimmed at a desired altitude and speed, and parameters are recorded by the data room. The data that is recorded is used by students to later calculate equivalent, calibrated, and true airspeeds, along with the mach number of the aircraft. At this trim condition the aircraft is excited with doublets for pitch, roll, and yaw. A push over, pull up is also executed. Full stick commanded rolls to the left and right are also done. The next test point repeats the trim and dynamic response tests at another altitude to demonstrate the performance differences at different altitudes. Another concept that is demonstrated is that true airspeed varies with altitude if equivalent airspeed is held constant. The aircraft if then slowed, and a new trim condition is established. The landing gear and flaps are deployed, and the difference in engine rpm and angle of attack is noted for the new trim condition. A return to base procedure is then initiated. This test is first demonstrated by the course instructor, and then a student pilot replicates the test.
B. Lab 2: Level Performance
This lab was designed to be the first analytical test of the semester. This test is designed to revisit the concepts of lift and drag. While lift and drag can not be directly measured in flight on an aircraft, the drag can be related to the fuel flow of the engine on a jet aircraft. Using the simulation, the lift and drag used by the equations of motion for the simulation can be shown to the students during the test and then compared to calculated values from the engine fuel flow to demonstrate to the students that the test technique produces valid results. From lift and drag estimates range and endurance can be calculated. Measuring these parameters at various trim conditions demonstrates to the students the range and endurance variations across an aircraft's flight envelope. Because test data is dependant on fuel flow students are required to manage aircraft fuel state during the test. This introduces another level of realism and exposes the students to operational considerations that are not normally covered in a classroom environment.
Each flight test group was given a different W/δ (weight to pressure ratio) profile for a light and heavy fuel loading case. To begin the test the same pre-flight checks were done as in lab 1 to reinforce test procedure. Once in the air the pilot achieves the first test condition by trimming the aircraft at V max for a given W/δ profile. Relevant data is recorded. The pilot then pilot reduces speed by 50 knots, and trims the aircraft at this condition. Data at this test point is then collected. This process is repeated until the aircraft is trimmed at V min . As the speeds are reduced the engineers monitoring the test must ensure the aircraft is within the W/δ profile. The test is then repeated for the same of W/δ profile at a lighter fuel weight. If the test is conducted correctly, the two fuel weight cases for the same W/δ profile should produce the same range and endurance values. Each flight test group reduces the data collected by all four of the groups to see the range and endurance changes that occur at different W/δ profiles. The first weight case is demonstrated by the instructor, and then the second weight case for each W/δ profile is then flown by a student pilot.
C. Lab 3: Excess Power
Building upon lab 2 and the student's understanding of basic forces acting on an aircraft, the third lab is designed to demonstrate how energy and power effect an aircraft's performance. The concepts of energy height and specific excess power are introduced. Students compute these values and determine how they relate to aircraft operation. Specifically the use of the level acceleration test technique is demonstrated as a method for finding the aircraft's excess power and energy at a given flight condition. The effects of normal acceleration, weight, and altitude are all investigated during this test. Another display is introduced in this lab that shows drag as a function of velocity. This display is introduced to reinforce the idea of a drag bucket, and to demonstrate parasitic and induced drag effects.
For this lab each test team is given two altitudes and two fuel states for testing. The test begins with the standard pre-flight tests and checks. Once at altitude, the aircraft is then trimmed at V min for the desired altitude. Full power is applied while maintaining altitude and normal acceleration within stated test parameters as the speed increases. The increase in speed as well as any change in altitude is recorded every 10 seconds until the aircraft's speed reaches V max . The test is then repeated for the next altitude point. After performance at both altitudes have been recorded, the two tests are repeated at a different fuel state. Upon conclusion of these tests, a return to base is initiated. The first fuel state case is flown by the instructor to demonstrate the test technique. The second weight case is then then flown by a student pilot.
D. Lab 4: Sawtooth Climbs
The sawtooth climb lab reproduces the data collected from the Excess Power, lab 3 test. This data is gathered with the sawtooth climb technique, and allows the students to see that data can be gathered in multiple ways. The level acceleration and sawtooth climb techniques have different strengths and weaknesses, and covering both tests gives the students a chance to discover them first hand. While the level acceleration test strives to keep altitude constant, and vary speed, the sawtooth climb test keeps speed constant and varies altitude for a given power setting. A new display is introduced to the students in this lab that shows specific excess power as function of airspeed and mach number. Even though this is not a parameter than can be calculated in a real aircraft flight test, this display is given to the students so that they can directly follow the concepts they are studying during the test.
For this test each flight test team records and reduces the same set of data. This data should overlay a piece of the data that was taken from lab 4. After preflight checks the aircraft is flown to the first altitude for the test. The test technique requires the aircraft to be flown between an altitude band at a constant speed, with minimal normal acceleration deviation, and at a constant, prescribed power setting. Data is taken similar to the lab 3 technique. Two altitudes are flown with the instructor flying the first data point, and a student pilot flying the second data point. The energy calculations derived from data taken in labs 3 and 4 are then compared, and the students then comment on the merits of both test methods.
E. Lab 5: Climb Performance
The climb performance lab integrates all of the concepts taught thus far in the class, and marks the end of the performance section of the course. This section of the course is unique, in that the students are required to design their flight test from a stated set of requirements. Not only are the students to write a set of flight test procedures, or flight cards, but they are also required to perform risk analysis for the test, determine any mitigating factors for the test, define their requirements (initial aircraft state, data requirements, lab personnel requirements, etc), and then brief their flight test plan to a mock flight safety board. Upon a satisfactory briefing to the board, the student test team receives a flight certificate for the day of their flight test. The students then complete their flight test and write a report similarly to the other labs.
The students are required to take the data they collected from labs 3 and 4 and create two different climb schedules. The first schedule is for maximum energy in minimum time, and the second is for a maximum energy in minimum fuel climb. After they have created the climb schedules, the students must predict the time and fuel used for each climb, and then validate their predictions with a flight test of their two climb schedules. Students are given the option to perform the entire test themselves, or have help from the instructor during the test if needed. All four student groups opted to perform the entire test without help from the instructor. After the test the students were shown the climb schedule that was published for the aircraft they tested, allowing them to see how closely their test matched a real-world climb schedule. While some of the schedules and testing techniques varied, one group predicted, almost exactly the published climb schedule for the tested aircraft.
F. Lab 6: Longitudinal Flying Qualities
This lab was initially placed in the curriculum as an experiment to test if students without significant piloting experience could comment on the flying qualities of aircraft, and learn fundamental concepts in aircraft flying qualities evaluation. As the student's skill in piloting the simulator matured during the semester it became apparent that the chances of this lab's success were high enough to offer this experience to the class. A new simulated airframe was introduced to the students. This airframe is based on the Stevens and Lewis F-16 model. 13 A simple stability augmentation system was implemented into this model that would allow the simulation operator to modify the natural frequency and damping ratio of the short period of the airframe model during the simulation. Strong student interest in handling qualities testing was noted at the end of the lab, and underscores the success of this test as seen in Section VII.
To begin the test, the student pilot trimmed the aircraft and then performed a stick rap. The students monitoring the test would then note the dynamic response of each of four different simulated airframes. The airframes were a "nominal" or good flying aircraft with Level I MIL-F-8785C natural frequency and damping ratio, an airframe with poor natural frequency, an airframe with good natural frequency, but poor damping, and an unaugmented and unstable airframe. A bulls-eye or "pipper" was placed in the pilot window of the simulation, and an air to air tracking task was initiated. The students were required to hold the lead aircraft within adequate or desired rings on the bulls-eye for ten seconds at 3 different distances from the lead aircraft. Using the Cooper-Harper rating scale, 12 the students then rated each airframe. Pilot comments were collected, and the students wrote a report reconciling comments to the results from pilot evaluation, compared to MIL-F-8785C.
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VI. Evaluation
A course evaluation by the students was held to ascertain overall student workload, to determine the student's reaction to the course, and to collect input for curriculum revision. A summary of results from the Spring 2006 AOE4984 self-assessment survey is presented in Table 1 . Questions 11, 12, and 19 were designed to measure student perceptions of the expected outcome. As is apparent by overwhelmingly positive response to these questions, in the students' eyes, the expected outcome was achieved.
A sampling of student comments about this course include: "I got into engineering to be hands on and this was one of the best ways to do it." "Helps you see how everything from previous courses comes together." "It gives a feel for mathematical values." "It reinforced topics learned in other courses and gave those concepts real-world meaning." "I feel that this course should be required at the junior or senior level because it brings hands-on, real meaning to all of the theory and number crunching we do in other classes. This was one of the few classes where I actually got to 'do engineering' ."
From the student evaluations, and instructor observation it was determined that a set laboratory time for the course is necessary. While the optional lab times allowed students to practice, trying to schedule the flight tests into the normal 1:15 course time often rushed the testing, and did not allow the teams to fully utilize their test times.
Further evidence of the class effectiveness was that the class was held at 8:00 AM, and rarely was there less than 100% attendance by the 20 students in the class. Further, the optional laboratory times were filled 75% of the time with students. The final day of class, in the midst of stressful senior year final examinations, which was used as a test demonstration with no impact on final grade, was attended by 18 of 20 students. It is a fair assessment that the students felt this class was well worth the time and effort necessary to succeed, and attended for the sake of learning, not simply to achieve a certain grade.
VII. Future Work
While the first offering of the Flight Test Techniques course has proven to be very positive, lessons learned from the first offering of the course will be used to revise the curriculum. Further, pending the outcome from pending grant applications, upgrades to the simulation laboratory will allow enhancements to the course.
The next time the course will be offered a separate laboratory time along with a required class time will be required. While the laboratory time was optional for the first offering, and many students took advantage of this time, the formal testing time had to be offered during class times, slowing down the course, while putting pressure to complete the flight tests in a shorter than desired time. Adding a formal laboratory time would allow all flight testing to occur during this time, and relax time constraints in the normal class period.
Students indicated strong interest in handling qualities testing, and with the added formal lab time, a lateral directional handling qualities lab can be added to the curriculum. Further refinement of the labs is also needed to ensure a tight integration between different topics, so that students can see how the data gathered from one laboratory directly impacts the next test.
The current simulation facility only supports nighttime flight visualization. An upgrade to the simulation visual system would allow for daytime flight as well as the use of a heads up display. The daytime flight would aid teaching proper piloting technique, as well as increase situational awareness during the flying qualities tasks.
The possibility of teaching this course remotely has been discussed. With simulation facility upgrades the possibility exists that this course could be offered to students that do not reside on the Virginia Tech campus. Future work will include the feasibility of offering this course via a remote data link.
VIII. Conclusion
The first offering of AOE 4984 Flight Test Techniques has proven to be very successful. Student evaluations have shown that the course has increased their understanding of aircraft flight mechanics in a way that allows for real world application in a controlled setting. As new flight systems become more complex, and the studying of those systems become more abstract, a direct application of basic flight principles is needed to ensure students are prepared for their careers in aerospace engineering.
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